Background/aims: The use of adaptive designs has been increasing in randomized clinical trials. Sample size reestimation is a type of adaptation in which nuisance parameters are estimated at an interim point in the trial and the sample size re-computed based on these estimates. The Secondary Prevention of Small Subcortical Strokes study was a randomized clinical trial assessing the impact of single-versus dual-antiplatelet therapy and control of systolic blood pressure to a higher (130-149 mmHg) versus lower (\130 mmHg) target on recurrent stroke risk in a two-by-two factorial design. A sample size re-estimation was performed during the Secondary Prevention of Small Subcortical Strokes study resulting in an increase from the planned sample size of 2500-3020, and we sought to determine the impact of the sample size re-estimation on the study results. Methods: We assessed the results of the primary efficacy and safety analyses with the full 3020 patients and compared them to the results that would have been observed had randomization ended with 2500 patients. The primary efficacy outcome considered was recurrent stroke, and the primary safety outcomes were major bleeds and death. We computed incidence rates for the efficacy and safety outcomes and used Cox proportional hazards models to examine the hazard ratios for each of the two treatment interventions (i.e. the antiplatelet and blood pressure interventions). Results: In the antiplatelet intervention, the hazard ratio was not materially modified by increasing the sample size, nor did the conclusions regarding the efficacy of mono versus dual-therapy change: there was no difference in the effect of dual-versus monotherapy on the risk of recurrent stroke hazard ratios (n = 3020 HR (95% confidence interval): 0.92 (0.72, 1.2), p = 0.48; n = 2500 HR (95% confidence interval): 1.0 (0.78, 1.3), p = 0.85). With respect to the blood pressure intervention, increasing the sample size resulted in less certainty in the results, as the hazard ratio for higher versus lower systolic blood pressure target approached, but did not achieve, statistical significance with the larger sample (n = 3020 HR (95% confidence interval): 0.81 (0.63, 1.0), p = 0.089; n = 2500 HR (95% confidence interval): 0.89 (0.68, 1.17), p = 0.40). The results from the safety analyses were similar to 3020 and 2500 patients for both study interventions. Other trial-related factors, such as contracts, finances, and study management, were impacted as well. Conclusion: Adaptive designs can have benefits in randomized clinical trials, but do not always result in significant findings. The impact of adaptive designs should be measured in terms of both trial results, as well as practical issues related to trial management. More post hoc analyses of study adaptations will lead to better understanding of the balance between the benefits and the costs.
Introduction
Adaptive designs address uncertainty during study planning by allowing a review of accumulating information during an ongoing clinical trial to possibly modify one or more trial design characteristics. The greater flexibility provided by adaptive designs may lead to improved efficiency through the use of fewer patients within trials and an increased chance of a ''successful'' trial that answers the primary question of interest. For these reasons, the use of adaptive designs has been growing in randomized clinical trials, with implementation ranging as broadly as biomarker adaptive designs in earlier phase cancer trials 1 to later phase trials of chronic diseases and surgical trials, [2] [3] [4] as well as for comparative effectiveness trials. 5 In fact, the recent Ebola outbreak in Africa has raised the issue of the ethical dilemma of randomized trials, and whether there are ethical reasons to use adaptive trial designs in situations such as this. 6, 7 Furthermore, the April 2015 edition of Clinical Trials contains an editorial about the ethical concerns of adaptive randomization 8 and lengthy commentary on the ethics of outcome-adaptive allocation. [9] [10] [11] [12] [13] [14] [15] [16] A PubMed search of ''adaptive designs'' yields over 800 manuscripts, many of which have been published within the last 10 years, indicating the recent increasing attention to adaptive trial designs. The increased interest in adaptive designs, and wide range of potential adaptations, has generated a lot of confusion regarding what types of adaptations are acceptable and unacceptable. Some recent published definitions that have appeared in the literature have helped to clarify this issue. An Adaptive Design Scientific Working Group published a white paper that provided the first published definition of an adaptive design 17 and provided three important aspects that must be considered: (1) the adaptations must be made ''. without undermining the integrity and validity of the trial,'' (2) ''changes are made by design, and not on an ad-hoc basis,'' and (3) adaptive designs are ''. not a remedy for inadequate planning.'' Two recent Food and Drug Administration (FDA) draft guidelines 18, 19 have provided similar definitions that support the notion of ''Adaptive By Design.'' This is an important point because properly designed simulations are often needed to confirm whether an adaptation preserves the integrity and validity of the overall study. In order to properly define the required simulation study, the adaptation rules must be clearly specified in advance. Thus, only planned adaptations can be guaranteed to avoid any unknown bias due to the adaptation. While the Working Group definition requires adaptations to be planned prior to the initiation of the trial, both FDA guidance documents allow a bit more flexibility and allow for planned adaptation to be implemented after the initiation of the trial provided that key trial decision makers have had no access to unblinded data (i.e. the proposed adaptations are not driven by unblinded outcome data observed in the study).
A sample size re-estimation design refers to an adaptive design that allows for an adjustment of sample size based on a review of the interim data. [20] [21] [22] This allows for some error in the original specification of parameters utilized in the a priori sample size determination, as often little data are available upon which to base the estimates of these parameters. Even small amounts of misspecification can result in sample sizes that are too small or too large, leading to under-or over-powered studies. 20 Sample size re-estimation allows adjusting the final sample size up or down in order to ensure sufficient power. There are several subtypes of sample size re-estimation, depending on whether the estimated treatment effect only, estimated nuisance parameters (e.g. variance, overall event rate, accrual rate) only, or both are used for re-estimating sample size. A great deal of controversy exists with respect to designs that utilize treatment effect estimates at the time of re-estimation. On the contrary, internal pilot designs re-estimate sample size for a fixed treatment effect based on estimates of nuisance parameters derived from accumulating trial data. [22] [23] [24] With moderate to large sample sizes, internal pilot designs can be used to make appropriate modifications with minimal (if any) inflation of type I error rate. Levin et al. 25 explore different approaches to designing clinical trials with pre-specified rules for modifying the sample size during the course of the study under theoretical conditions, 25 while others have investigated whether the statistical properties of a study are preserved when an unplanned study modification is implemented. 17, 26 However, most of the literature examining the use of sample size re-estimation has addressed the prospective properties of the design. There have been few post hoc examinations of studies utilizing sample size re-estimation in order to determine whether the changes to sample size practically affected the study results or not. In fact, Levin et al. 25 indicate, ''There is a need for studies that exactly quantify and discuss the relative costs and benefits of simple and easily implemented pre-specified adaptive designs compared with alternative designs in realistic settings.'' In this article, we attempt to do just that although in the context of an adaptive design that falls into a gray area with respect to whether it meets the FDA definition of being prespecified or not. Herein, we compare the results of a large randomized clinical trial which implemented a sample size re-estimation to what ''would have been'' should the sample size not have been extended.
The Secondary Prevention of Small Subcortical Strokes study
The Secondary Prevention of Small Subcortical Strokes (SPS3) study is a two-by-two factorial trial designed to examine the relationship between systolic blood pressure control and recurrent stroke and between antiplatelet therapy and recurrent stroke. Details of the trial have been published elsewhere. 27, 28 In brief, patients suffering from an magnetic resonance imaging-verified lacunar stroke were randomized to receive either aspirin or aspirin plus clopidogrel (double blind), and to a blood pressure-lowering target of 130-149 mmHg versus \130 mmHg (open label). Table 1 depicts the randomization scheme, including the number randomized into each study intervention. The original study design parameters were based on data from the Warfarin-Aspirin Recurrent Stroke Study (WARSS) study, 29 suggesting that the recurrent stroke rate among patients on aspirin with lacunar stroke was 7% annually. SPS3 was designed to detect a 25% relative risk reduction in recurrent stroke attributable to combination antiplatelet therapy (5.25% vs 7%), with 90% power, 5% significance level, assuming a loss-to-follow-up rate of 3% per year, and adjustment for two planned efficacy and futility interim analyses. Given these assumptions, it was determined that a total of 417 events were required, and based on recruitment assumptions (35 sites, with patients accrued at a rate of two per site per month over 3 years) and follow-up assumptions (patients followed for 1 year after the last patient was enrolled), a total sample size of 2500 patients was necessary. The planned primary analysis was a time-to-event analysis using a Cox proportional hazards model to determine whether differences existed in either the antiplatelet treatments, or the blood pressure targets. SPS3 was approved by the institutional review board at each participating site, and each patient enrolled provided written informed consent.
As previously described, 26 slow rates of accrual and published recurrent stroke rates in other clinical trials well below those planned in SPS3 prompted a sample size re-estimation. Based on the results of extensive simulations examining the operating characteristics of the study under several difference scenarios, the study investigators proposed, and the funding agency approved, extending the sample size to 3000 patients, with follow-up concluding 1 year after the last patient was enrolled. The Data and Safety Monitoring Board and study sponsor accepted this proposal, and the study modification was implemented after lengthy discussions among study investigators. Thus, the internal pilot design utilized in this study falls into a gray area with respect to whether it meets the FDA definitions for being a prospective adaptation or not. On one hand, the study Principal Investigators requested the sample size re-estimation based on lower observed stroke rates from published studies that raised concerns regarding whether the original assumptions used to determine the sample size remained valid. Since this was not driven by any unblinded study results, this aspect of the design meets the FDA definition of a prospective adaptive design. However, since the Data Safety Monitoring Board (which had seen unblinded results) was asked to approve the design, this aspect of the design does not appear to meet the FDA definition. Since different individuals become unblinded at different time points during the conduct of a clinical trial, some clarification is needed to address situations like this in the FDA definitions.
Recruitment into SPS3 concluded in April 2011 with 3020 patients (20 greater than the actual target from the sample size re-estimation). Late in 2011, after all 3020 patients were recruited, the Data Safety Monitoring Board made the decision to terminate the antiplatelet intervention, due to safety concerns coupled with lack of efficacy, reducing the length of follow-up for this comparison. The blood pressure intervention concluded in April 2012. The results of the SPS3 study, including all 3020 patients recruited, have been published. 30, 31 Briefly, no significant differences were observed for the comparison of antiplatelet or blood pressure interventions, and minor safety concerns were found due to an increased risk of major bleeds and death among those on combination antiplatelet therapy versus aspirin alone. Since neither primary hypothesis provided positive results, the benefits of increasing the sample size through the use of sample size re-estimation here could be questioned. However, because of the design of the study in which patients are enrolled on a rolling basis, we have the benefit of being able to ''look back'' to see what ''might have been'' should we have stopped recruitment after the planned sample size was attained (2500), and only followed those patients for 1 year after the 2500th patient was enrolled. This allows an examination of what was gained or lost by implementing the sample size re-estimation in the SPS3 study. 
Methods
The SPS3 analysis plan has been described in detail previously. 27 In brief, both the antiplatelet and blood pressure effects were assessed using Cox proportional hazards models to determine whether there were differences in the event rates over time between those randomized to dual antiplatelet therapy versus monotherapy and those randomized to higher versus lower blood pressure targets (see Table 1 ). During the antiplatelet analyses, we assessed an interaction with blood pressure treatments; in the absence of a significant interaction, analysis of each intervention (i.e. the blood pressure and the antiplatelet interventions) proceeded by assessing the marginal effects. We compared the results from assessing both the antiplatelet and the blood pressure effects of the SPS3 study under originally planned sample size (2500) to those observed with the re-estimated sample size (3020). For the former, we excluded 2501-3020 patients and allowed follow-up to continue for 1 year after 2500 patients were enrolled for the blood pressure intervention, and through the early termination of the antiplatelet intervention in August 2011 (range of end-offollow-up: September 2011-November 2011). Patient 2500 was enrolled on November 11, 2010; thus, any event; thus, any event that occurred up to and including 11 November 2011 was included in the analyses. However, any events that occurred after that date were censored. For the latter, we included all events as described in the primary results, with the caveat that the early stopping for the antiplatelet intervention shortened the follow-up time planned during the sample size re-estimation for this comparison. 30, 31 We examined both efficacy and safety outcomes, as well as secondary outcomes. As described above, the primary efficacy outcome was recurrent stroke, defined as either ischemic or hemorrhagic stroke. The primary safety outcomes were major bleeds and death. Secondary outcomes examined were myocardial infarction and major vascular events. In addition, we estimated the additional costs of extending the study based on patient costs. Table 2 and Figure 1 provide the results from the original design (n = 2500) and the modified design (n = 3020) when assessing the antiplatelet effect. The table provides the total number of events, average follow-up, event rate, hazard ratio, 95% confidence interval for the hazard ratio, and the p value for the difference in the rates across the antiplatelet groups, whereas the figure includes the hazard ratio and 95% confidence interval for the hazard ratio. As would be expected, the number of events increases in each group as more participants are followed for a longer duration. However, the average follow-up time is not impacted by the increase in sample size, likely due to multiple factors: (1) the antiplatelet intervention was terminated early due to safety concerns and (2) the addition of more participants resulted in adding some with very short follow-up times, thus the average changed little. No substantive differences were observed in the event rates, and the hazard ratio and 95% confidence intervals suggest that the conclusions drawn would be the same regardless of whether we increased the sample size.
Results
Table 3 (Figure 1 ) presents the same information, only now for the blood pressure intervention. We similarly see that the number of events increased with the larger sample; however, in this case we also see an increase in the average follow-up time. This differs from above in that follow-up continued for a full year in this intervention after enrolling the last participant. The event rate decreased in the \130 mmHg group, whereas it increased in the 130-149 mmHg group, indicating that extending the sample size may have increased the likelihood of detecting a statistically significant difference. Comparing the hazard ratios suggests that the magnitude of the association did not change substantively; however, the bounds of the confidence interval changed with the addition of 520 participants. Had the study stopped after 2500, the conclusions would have clearly been made that there was no association between blood pressure control and risk of recurrent stroke (p = 0.40). With the additional recruitment of 520 patients, the results were more supportive of benefit (p = 0.089) although with a smaller estimated effect than that upon which the study was powered to detect. Table 4 presents the safety results for each of the antiplatelet and blood pressure interventions, for each of the original design (n = 2500) and the modified design (n = 3020), also depicted in Figure 1 . The table contains the hazard ratios and 95% confidence intervals for the major bleeds and the deaths. The statistical impact of extending the study was minimal on the safety outcomes, both for the antiplatelet and blood pressure interventions. Supplementary Tables S1(a) (antiplatelet intervention) and S1(b) (blood pressure intervention) provide the results for myocardial infarctions for the original design (n = 2500) and the modified design (n = 3020), and supplementary Tables S2(a) (antiplatelet intervention) and S2(b) (blood pressure intervention) provide the same for major vascular events. As with both the primary outcomes and the safety outcomes, while we saw some shifts in the magnitude of the associations, the conclusions did not change substantively.
With respect to costs, each site received US$4000 per baseline visit, and then US$400 for each follow-up visit. Given that we recruited an additional 520 patients, and the sample size re-estimation led to an additional 2583 follow-ups, we can estimate that the additional patient costs to the study were approximately US$3,113,200. When examined based on the total cost of the study rather than just the patient care costs (including the medications, the cost of the study drugs distribution center, statistical center, and coordinating center), we estimate that the cost per patient was approximately US$21,000. Thus, we can roughly determine that the additional cost for extending the recruitment was US$10,920,000.
Discussion
In this article, we compared the primary results, the results from the secondary outcomes, and the safety results from the SPS3 trial for the observed sample (after increasing the sample size to 3020 due to a sample size re-estimation) to those that would have been observed had we recruited only the planned sample of 2500 patients. We found that in this case the extension of the sample made little difference with respect to the antiplatelet therapy and to the safety results (for either intervention), but that the primary results from the blood pressure intervention approached significance with the larger sample size whereas they were clearly non-significant under the original assumptions. No substantive differences were observed in the secondary outcomes. This dramatically affected the writing and interpretation of the primary blood pressure manuscript. On one hand, it could be argued that stopping at the original planned sample size might have missed an interesting result since the blood pressure intervention results would have been interpreted as a clearly ''negative'' trial. On the other hand, it could be argued that the marginally significant result was observed for an estimated effect less than the 25% target effect. Thus, both situations led to a non-significant result for the blood pressure intervention and provided pretty clear evidence against the existence of a 25% or larger reduction in the risk of recurrent stroke associated with more intensive blood pressure treatment. Whether the ability to determine the potential existence of an effect less than 25% was worth the extra cost and complexity of the larger sample size is an interesting question. These are the types of questions that future clinical trialists will need to address when considering the use of sample size re-estimation designs. By modifying sample size based on estimated nuisance effects for prespecified effects of interest, internal pilot designs can clearly achieve their primary benefit or provide greater power for detecting these effects when they truly exist. However, this may lead to unnecessary increases in sample size for studies where the pre-specified effect is not obtained (i.e. the study leads to a non-significant result). Unfortunately, as much as we would like to assume otherwise, experience suggests that a large number of clinical trials will not show significant results. Hence, since it is impossible to know whether a trial will eventually lead to a positive result or not, further discussion regarding the utility of sample size reestimation designs in trials is needed to address this concern and avoid the unnecessary expenditure of vital resources.
While the conclusions from the study did not substantively change after the implementation of the sample size re-estimation, we did see some shift in the magnitude of the effects, for both the antiplatelet intervention and the blood pressure intervention. We examined trends over time in each intervention in order to assess the proportional hazards model, and the results were not statistically significant (p = 0.49 for antiplatelet intervention; p = 0.72 for the blood pressure intervention). Additionally, we examined the Kaplan-Meier curves for the first 2500 versus the additional 520 and observed no differences in trends. Thus, it is likely that the shifts in the magnitude of the effects were random noise.
Levin et al. 25 describe the optimal adaptive designs under theoretical conditions for different types of adaptations of the maximal sample size. They show that there are small gains in efficiency in average sample number when a pre-specified adaptation is implemented in lieu of the group sequential design and suggest that the gains in efficiency may not be worth the trade-off in terms of the logistical and ethical considerations of a trial, relative to group sequential designs, but do suggest that simple adaptations may have merit. Our experience indicated that the overall conclusions did not change after the adaptation was implemented in SPS3, and while the evidence in support of a difference in the effect of blood pressure target range on recurrent stroke was marginally significant, it also did not attain the anticipated 25% reduction in risk that the study was powered to detect. It is possible that had the decision been made to increase the sample size beyond what was recommended, or that the follow-up time was increased beyond what was planned, the conclusions of the blood pressure trial may have been different; however, it is also possible that the shift in the magnitude of effect toward statistical significance was due to chance.
Recently, Bauer et al. 32 provided a discussion of the use of adaptive designs over the last 25 years, in which they described a use of a sample size re-estimation procedure that included an unblinded interim analysis and resulted in a reduction in sample size. 33 Although the authors of this article were not able to compare the results with and without the adaptation, this is a setting in which it is likely that use of the modified sample size resulted in similar results more quickly than would have occurred otherwise, due to the reduction in sample size as per the sample size re-estimation.
Further, the Buaer et al 32 paper provides real-life experiences from other types of studies implementing adaptive designs (e.g. adaptive treatment selection), and what considerations need to be made other than statistical properties. Modification of a study midstream potentially could require changes to the protocol, informed consent, staffing, and numerous other logistical items. Additionally, changes to the study midstream may have implications for the randomization scheme, the data entry system, the case report forms, and other aspects of data management. Thus, consideration of these issues should be taken together with the statistical results. In the context of the SPS3 trial, increasing the sample size impacted each of these issues. For example, informed consent at some study sites expired after 5 years, and thus there were some issues with having to reconsent patients. Forms which recorded the study visit had to be modified to allow for additional visits, requiring commensurate changes to the data entry system. Staff contracts had to be extended and for some sites, additional institutional review board approval was needed. Negotiations were necessary with the company providing study drug and additional funding was required to continue distributing medications through the drug distribution center at the Veterans Affairs Cooperative Studies Center. Thus, in the SPS3 study, the operational impacts of increasing sample size were fairly substantial. Given the fact that the primary study results were not substantially altered with the increased sample size, one could question whether this added complexity was necessary. Therefore, when assessing the benefit of adaptation to a study, it is also essential to assess the additional operational complexity, additional regulatory issues, and cost.
Adaptive designs are playing larger and larger roles in clinical trials; however, there is little description of the impact of adaptations on study results, largely because of the difficulty in ascertaining what might have happened had the adaptation not been made.
Post hoc evaluations of adaptive designs are important to assessing the costs and benefits of the adaptation. In this article, we have shown that when extending the recruitment in the SPS3 trial, the conclusions derived from the study did not change with the additional 520 patients although the strength of the association for the blood pressure intervention was increased, whereas there was little impact on the magnitude of association for the antiplatelet intervention or on the safety analyses. While adaptive designs have great benefits in many situations, when using adaptive designs one should consider the statistical impact on the trial, as well as the impact on other trial aspects in order to assess the costs, together with the benefits, of the adaptation.
